Abstract: Two enzymes, laccase and peroxidase, were immobilized on chloromethylated styrene-divinylbenzene copolymers supports functionalized with phosphonates ((RO) 2 PO) or mixed ammonium and phosphonium groups (N + R 3 Cl . Phosphonates groups and quaternary ammonium salts were grafted on the "gel-type" copolymer by Michaelis-Becker polymer analogue reaction. Mixed polymer-supported ammonium and phosphonium salts were obtained by transquaternization of the ammonium groups to phosphonium group. The degrees of functionalization for obtained polymers were relatively high ensuring a sufficient concentration of active centers per unit mass of the copolymer. The obtained materials were characterized by thermal analysis, FTIR spectroscopy and SEM microscopy. The effects of OR1 and R2 radicals from phosphonate and respectively ammonium groups, as well as those of glutaraldehyde utilization on the immobilization yield and the catalytic properties of the supported enzymes were indicated. The activity of enzymes increased after immobilization and high immobilization yield was obtained for all the samples. The higher interaction of enzymes with support was indicated for mixed ammonium and phosphonium functions. A higher catalytic activity was obtained for peroxidase in oxidation of phenol and laccase in oxidation of anisole. The low effect of glutaraldehyde on enzyme activity reveals the strong interaction of enzyme with the polymer support, respectively with the functional groups.
Introduction
Enzymes are biological catalysts [1] with high activity, selectivity and specificity in chemical processes under benign experimental and environmental conditions [2] [3] [4] [5] [6] . Many efforts have been devoted to the development of insoluble immobilized enzymes for various applications [7] [8] [9] . Immobilization is achieved by fixing enzymes to, or within, solid supports and represents an opportunity to increase the life of enzymes. The main benefit of using immobilized enzymes is their reusability as heterogeneous biocatalysts with the aim of reducing the production cost by efficient recycling and control of the process. Enzymes may be immobilized by a variety of methods, which may be broadly classified as physical and chemical. The former case involved weak interactions with the support and has the smallest effect on enzyme structures. With chemical immobilization, covalent bonds are formed with the enzyme [10] [11] [12] [13] [14] [15] . Polymers are of considerable interest among the various supports used for enzyme immobilization, as justified by their advantages like non toxicity, biocompatibility and biodegradability [16] [17] [18] [19] . A high variety of polymeric support, including natural (chitin, chitosan, agarose and cellulose derivates) and synthetic (nylon, polysiloxane/polyaniline, polyvinylalcohol, polyacrylic polymers, sulfonated polystyrene type Amberlite) were used for the immobilization of laccase from different sources [20, 21] . Organic polymeric carriers are the most widely studied supports because the presence of rich functional groups, which provide essential interactions with the enzymes. Combining physical and chemical properties and geometry of the support has changed the interaction mechanism and properties of enzymes in the desired way [22, 23] . Meso-and macroporous resins based on polystyrene, methacryl or epoxide, can be functionalized by different groups to introduce ionic, hydrophobic or absorptive interactions [17, 24, 25] . Furthermore, covalent immobilization can be realized using glyoxyl, epoxy or glutaraldehyde groups [25, 26] . Glutardialdehyde, a commonly used crosslinker, can dramatically improve the stability of immobilized enzymes because of the formation of covalent binding, thus minimizing leaching. However, it must be pointed out that enzyme immobilization via covalent binding may reduce the enzyme mobility causing difficulties in regeneration of the immobilized enzyme biocatalyst [27] [28] [29] . On the other hand, the immobilization processes could result in conformational changes of the enzyme, promoting a loss of activity.
This work investigated the effect of the support surface chemistry on the immobilization and activity of enzymes. Laccase and peroxidase enzymes were immobilized on chloromethylated styrene-divinylbenzene copolymer support functionalized with phosphonates ((RO) 2 PO), respectively mixed ammonium and phosphonium groups (N + R 3 Cl -, P + Ph 3 Cl -). Alkylphosphonates, compounds with C-P bond, occur widely in nature and many synthetic organophosphonates have been added to the natural and synthetic materials. Previous studies shown that the phosphonate ion might be a general inhibitor of enzymes [30] some enzymes, such as phosphonohydrolases, are catalysts of phosphonate catabolism [22] . However, the effect of phosphate, respectively phosphonates moiety, on catalytic activity of transition metals in oxidation reactions with hydrogen peroxide was often indicated [31, 32] and the effect of phosphonate on laccase and peroxidase activity has not been studied yet. It is the first time when the immobilization of enzymes on functionalized styrene-divinylbenzene copolymers with phosphonates or mixed ammonium and phosphonium groups were studied. The effect of ammonium and phosphonium groups has been suggested by comparison to the effect of ionic liquid (IL) cations on enzymes. A number of recent review papers [33] have described a variety of enzymatic reactions conducted in IL solutions for stabilizing and activating enzymes. Factors that may influence the catalytic performance of enzymes include IL polarity, hydrogen-bond basicity/anion nucleophilicity, IL network, ion kosmotropicity, viscosity, hydrophobicity, the enzyme dissolution, and surfactant effect.
In this study the investigation of the supports characteristics was investigated to determine the effect of surface organic groups on enzymes activity. The best conditions for enzymes covalent immobilization were defined and some properties of the immobilized system were compared to the free enzymes. In addition to the polymer functions, the effect of treatment with glutaraldehyde on immobilization yield, enzyme activity and catalytic properties in oxidation of aromatic compounds were evaluated. 
Experimental
Functionalization of macromolecular supports with phosphonates groups or mixed ammonium and phosphonium salts
The functionalization of styrene -6.7 % divinylbenzene copolymer with phosphonates, presented in Scheme 1, were obtained after method previously described [34] [35] [36] . Mixed ammonium and phosphonium salts grafted on a styrene -7 % divinylbenzene copolymer (Scheme 2) were obtained by Michaelis-Becker polymer analogue reaction [37] .
Laccase and peroxidase immobilization on functionalized supports
Immobilization of laccase/peroxidase on the surface of the functionalized supports was performed by physical adsorption, as result of direct interaction with the functionalized copolymer support and by covalent attachment using the bifunctional agent glutaraldehyde (GA) [38] . The first method is an impregnation procedure where 30-50 mg of solid support was suspended in 3 mL of an enzyme solution for 1 h under gentle stirring and then was incubated for 24 h at 4 °C.
In the second method, involving the immobilization via covalent attachment of the enzyme, 30-40 mg of the functionalized supports were added to 3 mL of 2.5 % (v/v) glutaraldehyde (GA) aqueous solution, mixed for 2 h at room temperature, filtered and washed several times to remove unassociated glutaraldehyde. The activated carriers were mixed with a laccase/peroxidase solution and incubated for 24 h at 4 °C. Finally, the unbound enzyme was washed off with the phosphate buffer solution (0.1 M, pH 6.5). The washing buffer was kept for activity measurement.
Characterization of materials
The obtained supports were characterized by Fourier transform infrared spectroscopy (Jasco FTIR spectrophotometer) and scanning electron microscopy (FEI Quanta 3D FEG). The thermal properties of the polymeric materials were studied by thermogravimetric analysis (TGA) using a TGA/SDTA 851-LF1100 Mettler apparatus, at a heating rate of 10 °C min -1 , under nitrogen atmosphere and temperature range from 25 to 600 °C. 
Laccase activity assay
The specific activity of laccase was assayed spectrophotometrically (Jasco UV-Vis) by monitoring the absorbance increase at 530 nm from oxidation of syringaldazine (0.216 M) in 0.1 M phosphate buffer (pH 6.5), at 30 °C, by a modified procedure of a previous study [39, 40] . The A530 (ε = 65 000 M -1 cm -1 ) slope change per unit of time was used to assess the specific enzyme activity (units/mL enzyme) [39] , (one unit of laccase oxidizes 1 μmol of syringaldazine per min). The amount of immobilized enzyme was calculated by the difference between the laccase activity in the solution before and after the immobilization process.
The enzyme immobilization efficiency (EF) was calculated by using the following relationship:
where Ai is the specific activity of immobilized enzyme which is equal to the difference between the specific activity of free enzyme solution (Af) and the specific activity of the unbound enzyme in the washing buffer.
Peroxidase activity assay
A colorimetric assay was used to measure the activity of HRP, as described previously [41, 42] . The reaction rate is determined by measuring an increase in absorbance at 510 nm resulting from the decomposition of hydrogen peroxide, used as substrate. One unit of specific activity was defined as consumption of 1 μmol H 2 O 2 per milligram enzyme in 1 min at 25 °C and pH 7.0, which was calculated according to the following equation:
A min Units mg mg enzyme mL reaction mixture
The amount of immobilized enzyme was calculated by the difference between the peroxidase activity in the solution before and after the immobilization process and the enzyme immobilization efficiency (EF) was determined by the same relationship as for immobilized laccase.
The obtained biocatalysts were tested in oxidation of the organic compounds (anisole, phenol). The oxidation reactions were carried out in glass mini reactors (5 mL) at 25 °C for 5 h, using 0.05 g catalysts and a 1/3.8/3 molar ratio substrate/ H 2 O/H 2 O 2 . The analysis of oxidation products was performed using a GC-MS analysis that was performed on a Thermo Scientific chromatograph equipped with MS DSQ II Thermo and capillary column TR-5MS (30 m × 0.25 ID × 0.25 μm film thickness). The active compound leaching during the reaction was verified by resubmission of filtrates to reaction conditions.
Results and discussion
FTIR spectroscopy confirmed for the obtained phosphonates resins the presence of phosphonates group [34] [35] [36] . The appearance of the absorption band at 1210 cm -1 was associated with the valence vibration of P = O bond, respectively the appearance of the absorption band at 1050 cm -1 was attributed to the valence vibration of P-O-C bond. Figure 1 shows scanning electron microscopy (SEM) micrographs of polymer-supported diethylphosphonate ester.
SEM micrographs of the polymer support show, before and after functionalization, the same spherical morphology of the polymer microparticles. In the SEM micrographs the macropores are visible among the agglomerations of microspheres, characterized by a dense structure.
FTIR spectra of he obtained mixed ammonium and phosphonium resins [37] shown the presence of mixed ammonium and phosphonium groups on the surface of styrene-divinylbenzen copolymer support. The decrease in the intensity of the chloromethyl absorption bands at 1260 cm -1 and 1430 cm -1 suggests that a direct quaternization of the residual chloromethyl groups of the initial copolymer also took place, along with the main reaction of transquaternization of the quaternary ammonium groups. The formation of the quaternary phosphonium groups -P + Ph 3 Cl -was indicated by the appearance of the absorption bands at 1440-1430 and 1120-1100 cm -1 associated with the vibrations of the P-Cphenyl and Cphenyl-H bonds. The thermal behavior of the functionalized coplymer supports shows characteristic "step weight" losses. In case of phosphonate functions in the first step 25-250 °C, the constant weight loss (∼20 %), was attributed to evaporation of volatiles; in the second step 250-400 °C, the weight loss (∼20 %), was attributed to the depolymerization of polystyrene chains, degradation of styrene oligomers, the degradation of dialkylphosphite and degradation of P-C bonds of the pendant groups; in the third step 400-550 °C, the weight loss (∼25 %), was attributed to the depolymerization of polystyrene chains and the degradation of styrene oligomers.
The thermal behavior of the mixed ammonium and phosphonium resins (Fig. 2 ) presents a characteristic "step weight" loss. In the first step (25-250 °C) the constant weight loss (∼6 %) was attributed to evaporation of physically adsorbed water in polymer. In the second step (250-400 °C) the weight loss (∼34 %) was attributed to the depolymerization of polystyrene chains and the degradation of styrene oligomers and impurities and degradation of both P-C and N-C bonds of the mixed ammonium and phosphonium pendant groups. In the third step (400-600 °C), the weight loss (∼79 %), is mostly attributable to divinylbenzene degradation.
The characteristics of pendant groups grafted on polymeric support by polymer-analogous reactions are given in Table 1 . The degree of functionalization with phosphonate groups is higher than for mixed ammonium and phosphonium groups and each of them is influenced by the alcohol radical of the phosphonate groups. The lowest degree of functionalization was obtained for C 6 H 5 O group.
The effect of the ammonium group substiuent can be seen both on degree of functionalization with ammonium and phosphonium salts. The lowest effect on trans-quaternization of ammonium to phosphonium groups was evidenced for CH 2 -CH 2 -OH moiety of ammonium groups.
The variation of enzymes immobilization efficiency (EF) on the functionalized copolymer support (Figs. 3  and 4) is not according to degree of functionalization values for all the samples. It was considered so that EF values are the result of interaction of the enzyme with functional groups, namely of the effect of alcohol radical of phosphonate, respectively, ammonium salt radical. A high EF was obtained for the samples with lowest degree of functionalization (Fig. 4) . This means that the enzyme affinity for quaternary salts is higher. Lower affinity of enzymes for the supports with phosphonate groups was indicated by lower EF values of SiPrO sample with the best degree of functionalization.
The higher influence of the functionalized support compared to glutaraldehyde was evidenced for the samples with mixed ammonium and phosphonium salts, which is why the pretreatment of the Where:
a P-styrene-divinylbenzene copolymer; b G F -functionalization degree is for S1-S6: phosphonate pendant groups; G F is for S7-S12: ammonium groups (first) and phosphonium groups (second).
supports with glutaraldehyde greatly reduces the EF values. This effect was more evident for laccase immobilization. Furthermore, there is no correlation between the EF before and after glutaraldehyde treatment.
In this case, a value of EF similar to other samples (Fig. 3) was obtained by pretreatment of the support with glutaraldehyde. This effect was insignificant for peroxidase immobilization. The obtained results show a high degree of immobilization of enzymes on the copolymer functionalized supports. The mechanism proposed for interaction of glutaraldehyde and enzymes is presented in Fig. 5 . The covalent bound with activated CH 2 groups [43] and the covalent bond with enzyme [44] or between enzymes [21] were proposed as mechanisms for immobilization of glutaraldehyde. The mechanisms proposed for enzymes immobilization are adsorption on support surface, hydrogen bond [33] with phosphonate groups and covalent bond with the immobilized glutardehyde.
The immobilization of enzymes by interaction with the support occurs, in many cases, by covalent bond formation. In conclusion few studies have demonstrated higher activity of enzymes after immobilization. The immobilized laccase and peroxidase systems developed in this study showed a very high activity after immobilization comparatively with the free enzymes. These systems therefore have potential for developing attractive applications for the removal of pollutants such as phenols from water [45, 46] . Laccases (benzenediol:oxygen oxidoreductase, EC 1.10.3.2) are extra cellular, multicopper enzymes that use molecular oxygen as a co-substrate to oxidize various aromatic and non-aromatic compounds by a radical-catalyzed reaction mechanism [20] . Horseradish peroxidase is effective for the removal of a broad (Figs. 6 and 7) . The lowest conversion of phenol was obtained for the support with lowest degree of functionalization with laccase. (Fig. 6) . In contrast to laccase the higher conversion of phenol was obtained for the immobilized peroxidase on SPhO support with lowest degree of functionalization. The higher conversion was obtained for laccase supported on copolymer functionalized with mixed ammonium and phosphonium salts. The best conversion for anisole oxidation was obtained on polymer supported laccase. Some effects of the functionalization degree and nature of the functional groups were evidenced for laccase in anisole oxidation reaction. The lower conversion was obtained for peroxidase immobilized on SiPrO support. A high conversion rezulted for samples obtained with or without glutaraldehyde. These results confirms the significant effect of enzyme interaction with the polymer support respectively the functionalized groups.
Conclusions
Two enzymes, laccase and peroxidase, were immobilized on chloromethylated styrene-divinylbenzene copolymers supports functionalized with phosphonates ((RO) 2 PO), or mixed ammonium and phosphonium groups (N + R 3 Cl -, P + Ph 3 Cl -). High enzyme activity and immobilization efficiency were obtained for all the samples and the significant effect of enzyme interaction with the polymer support respectively the functionalized groups was evidenced. The higher interaction of enzymes with support was evidenced for mixed ammonium and phosphonium functions. 
